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ABSTRACT
AEROACOUSTIC DESIGN OF AN ABRASIVE BLASTING NOZZLE USING CFD

Adam J. Dehli, B.S.M.E.

Marquette University, 2021
Current industrial abrasive blasting nozzles are often loud enough to negatively
impact worker health and require employers to implement hearing conservation programs
under OSHA noise exposure regulations. Significant opportunity exists for the use of
modern computational fluid dynamics software (CFD) in the design of an abrasive
blasting nozzle with a focus on reducing the acoustic intensity. Past work using CFD for
abrasive blasting nozzle design has focused on improving productivity, ignoring
aeroacoustic considerations.
ANSYS Fluent software was used to investigate the effect of geometry changes to
a commercially available No. 6 venturi nozzle, specifically the addition of a constant
cross-section cylindrical nozzle extension at the end of the diverging portion of the
nozzle. Two categories of steady-state, multi-phase simulations were run, those in which
the blast media did not exchange energy with the air flowing through the nozzle (discrete
phase interaction disabled), and those in which the blast media did exchange energy with
the air flowing through the nozzle (discrete phase interaction enabled). The simulations
were then compared to hand calculations of the fluid and media velocities to establish
simulation accuracy, followed by collection of acoustic data from physical nozzles which
were then compared directly to the simulation results to establish the accuracy of the
trends predicted by the simulations.
The simulations which accounted for the exchange of energy between the blast
media and the air flowing through the nozzle were found to provide similar trends to the
experimental results while the simulations which did not account for the exchange of
energy between the blast media and the air flowing through the nozzle were found to
provide similar trends to the theoretical calculations.
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NOMENCLATURE

a

Local speed of sound

A

Cross-sectional area

Ac

Correlation area

A*

Critical cross-sectional area

cp

Specific heat at constant pressure

CD

Drag coefficient

DH

Hydraulic diameter

Dn

Nozzle throat diameter

Dp

Particle diameter

f

Fanning friction factor

fc

Critical frequency

F

Force

FD

Drag force

g

Acceleration due to gravity

ℎ

Enthalpy

k

Turbulent kinetic energy

l

Duct length

l*

Duct length to produce choking

lt

Turbulence length scale

m

Molar mass of a specific gas

mr

Mass mixing ratio

2
Mass flow rate
M

Mach number

p

Pressure

p*

Critical Pressure

p0

Stagnation Pressure

P

Power

Q

Net heat added

q

A calculated value

r

Radial coordinate

R

Gas constant of a specific gas

ꭆ

Universal gas constant

Re

Reynolds Number

s

Surface area

S

Integration surface

SPL

Sound pressure level

T

Temperature

T0

Stagnation temperature

T60

Reverberation time for a 60 dB decay

u

Fluid velocity

up

Particle velocity
Specific internal energy

V

Volume

Ws

Shaft work
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Wv

Shear work

x

Cartesian x coordinate

X

Axial distance along nozzle centerline

x

A variable whose value has been directly measured

y

Cartesian y coordinate

z

Cartesian z coordinate

α

Absorption coefficient of a material

β

Kinetic energy correction factor

γ

Ratio of specific heats

δx

Uncertainty of x
Random uncertainty of x
Systematic uncertainty of x

δq

Uncertainty of q

ε

Rate of dissipation of turbulent kinetic energy

ζ

Constant in Equation (2.5.2)

ϴ

Angular coordinate

κ1, κ2

Coefficients in Equations (2.4.1) and (2.4.2), respectively

μ

Dynamic viscosity

ρg

Fluid density

ρp

Particle density

̅

Sample standard deviation
Standard deviation of the mean (SDOM)
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1. INTRODUCTION

1.1

Motivation
Abrasive blasting processes, as they currently stand, tend to be quite loud,

sometimes being 119 dB or higher, negatively affecting worker’s health and safety, as
well as adding extra costs to businesses in the form of necessary hearing protection and
employee training and audiometric testing (Occupational Safety and Health
Administration [OSHA], 2006). Possible health effects include hearing loss (both
temporary and permanent), tinnitus, and increased stress (Hemond, 1983). In addition,
exposure to high levels of noise can lead to difficulty communicating and distraction,
which can lead to accidents and decreased productivity (Occupational Safety and Health
Administration [OSHA], n.d.). OSHA regulations require hearing protection to be worn
by employees based on the noise levels they are exposed to and the durations for which
they are exposed OSHA Standard 1910.95 (1910.95 - Occupational Noise Exposure,
n.d.). If a nozzle could be designed which meets or exceeds the OSHA standard for an 8hour shift, worker health and safety could be improved while simultaneously increasing
productivity and decreasing costs due to longer allowable shifts without hearing
protection and easier communication between employees. The goal of this project was to
use computational fluid dynamics (CFD) software as well as physical testing to
investigate how design changes to an abrasive blasting nozzle affect the sound pressure
level, and if possible, to reduce it to below the 85 dB threshold deemed safe for an 8-hour
work shift under current OSHA regulations.
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1.2

Current State of Industry
Abrasive blasting nozzle technology prior to the 1950’s focused on straight bore

(constant cross section) nozzles. The straight bore nozzle is characterized by a
converging entrance, followed by a throat and outlet length which have the same constant
cross-section, as shown in Figure 1 (Kline et al., 1988).

Figure 1 - Straight bore nozzle geometry

The next big step in abrasive blasting technology was the venturi nozzle (also called the
converging-diverging nozzle), patented in 1955 by G.D. Albert and W.H. Hall (Albert &
Mead, 1955; Gary S. Settles & Geppert, 1996). It was developed based on the
observation that straight bore nozzles tended to become more efficient as they began to
wear. The wear tended to enlarge the outlet, leading to a shape similar to that shown
below in Figure 2 (Kline et al., 1988).

Figure 2 – Venturi (converging-diverging) nozzle geometry

Additional nozzle designs were developed between the introduction of the venturi nozzle
and the early 1990’s, including the laminar flow nozzle (a venturi nozzle with a smooth
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throat transition to reduce turbulence created at the throat due to sharp transitions), the
double venturi nozzle (a venturi nozzle which entrains ambient air in the diverging
section), and the “Bazooka” nozzle (a venturi nozzle with an enlarged exit, for use at
higher pressures) (Kline et al., 1988). However, according to Settles and Garg, there is no
evidence that these nozzle designs had been developed through a scientific optimization
process for efficiency, instead being based on observations of existing nozzle
performance or trial and error (Kline et al., 1988; G. S. Settles & Garg, 1996). Seeing this
opportunity, the Penn State Gas Dynamics Laboratory designed a new nozzle, dubbed the
Penn State Nozzle, using a scientific optimization focusing on efficiency, specifically the
doubling of the kinetic energy of the particles leaving the blasting nozzle (Gary S. Settles
& Geppert, 1996). Based on computer simulations and experimental testing, the Penn
State group claimed to have met their goals of at least doubling the kinetic energy in their
patent filing (Gary S. Settles, 1999). The next big development in abrasive blasting
technology was the development of the Blast Ninja nozzle by Oceanit, being an abrasive
blasting nozzle designed specifically with the goal of reducing operating noise without
sacrificing operational efficiency (Sullivan, 2020). This nozzle system consists of a
converging-diverging nozzle, similar to that shown in Figure 2 followed by a straight
bore extension, with the new design being shown below, in Figure 3.

Figure 3 – Venturi (converging-diverging) nozzle with straight bore extension
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The work done in the remainder of this paper is a continuation of the work done by
Oceanit, being a study in how the extension length at the end of the nozzle affects the
acoustic power level output by the nozzle.
1.3

General Nozzle Work
Another area of nozzle technology which has received considerable work in the

field of aeroacoustics is the field of jet aircraft engines. Whether civilian or military in
application, there has been a keen interest in producing quieter jet engines for aircraft
since at least the early 1950’s. On the civilian side, noise pollution due to airports can
lead to loss of sleep and irritation (Hemond, 1983). On the military side, reducing jet
noise is important for reducing noise signatures of aircraft as well as reducing general
noise exposure for those working near the aircraft (Martens & Spyropoulos, 2010).
Several methods have been devised to achieve these ends, among them being adding
chevrons to the nozzle outlet to encourage mixing, adding secondary flows which mix
with the main nozzle exhaust at the exit, and redesigning nozzles to operate at lower
Mach numbers. Chevrons, or triangular serrations around the nozzle exit which impinge
on the flow, create vortices which encourage mixing at the jet boundaries (Janardan et al.,
2002; Rask et al., 2007). While this technique has shown great potential in jet aircraft, it
would be impractical to use in abrasive blasting nozzles as the abrasive media would
wear away the chevrons, reducing nozzle efficiency over time, and the fine chevrons
needed for a small nozzle opening such as found on an abrasive blasting nozzle would
add additional manufacturing cost, and would likely be more prone to damage during
rough use or handling. The next method, adding secondary flows, can work in multiple
ways. In some cases, a lower energy secondary flow is mixed with the main flow before
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exiting the nozzle, reducing the jet velocity, and thus the jet noise (National Aeronautics
and Space Administration [NASA], 1957). In other cases, secondary jets are injected at
an angle to the main flow at the nozzle exit, producing vortices similar to those produced
by chevrons, which have the advantage of not impinging on the flow as chevrons do
(Rask et al., 2007). Both methods would be impractical to implement on an abrasive
blasting nozzle, as the secondary flow tubes would add additional bulk and
manufacturing costs to the nozzles.
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2. THEORY

2.1

Fluid Flow
Air flowing through the nozzles will be treated as a compressible flow.

Compressible flows, defined as flows with a Mach number above 0.30, assume that
density changes within the fluid significantly affect the flow, compared to incompressible
flow, where it is assumed that any density changes in the fluid are negligible (White,
2009). The main equations used to categorize the flow are the three conservation
equations (mass, momentum, and energy, respectively) and the equation of state, shown
below in Equations (2.1.1) through (2.1.4), respectively.
+
!"
/

,−. −. =/ 0

!" # ∙ %& ' = ∑ + =
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# +2
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+ 34& !
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2

&

+ 34& !# ∙ %& '
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(2.1.3)
(2.1.4)

An equation of state, in this case, the ideal gas law, is necessary because for compressible
flows the energy equation cannot be neglected, as is the case in incompressible flows.
The addition of this additional equation allows for four unknowns to be independently
solved, namely density, pressure, temperature, and velocity.
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Figure 4 - Arbitrary control volume for one-dimensional nozzle and duct flow

Applying the above conservation equations across an arbitrary control volume consisting
of one inlet and one outlet, as shown above, in Figure 4, with no added work or heat and
assuming friction is negligible, yields the Equations (2.1.5) through (2.1.7).
!1

1 '1

= !2
>?

2 '2

=

= 9:%;<=%<

(2.1.5)

+

@

= 9:%;<=%<

(2.1.6)
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(2.1.7)

2

2

These equations form the basis for which all ensuing compressible flow equations
applying to the control area shown above in Figure 4 were derived.
When working with fluid flows, dimensionless parameters are often useful, as
they can be used to simplify experiments by reducing the number of parameters being
tested. In addition, similarity between flows can be established by maintaining certain
key dimensionless parameters between the flows of interest, ensuring that the results of
one test are representative of those of another, similar, flow (White, 2009). One such
parameter, the Reynolds number, is defined as the ratio between the inertial and viscous
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forces within a fluid, and is an important parameter used in fluid dynamics. It is used to
assess the relative importance of the aforementioned forces in a fluid flow, and to
determine whether or not a fluid flow is characterized as laminar or turbulent (White,
2009). The Reynolds number for a pipe is shown below, in Equation (2.1.8).
7A =

>BC

(2.1.8)

D

Another important parameter in fluid mechanics is the Mach number. The Mach number
is defined below, in Equation (2.2.9),
E=

>

,

(2.1.10)

where “a” is the local speed of sound. The local speed of sound is defined below, in
Equations (2.1.11) and (2.1.12):
==F

G&H

(2.1.11)

or
= = IJ78,

(2.1.12)

where γ is the ratio of specific heats. As stated earlier, the Mach number can be used to
determine whether compressibility effects are negligible for a particular flow.
Assumptions which are applied to all fluid flow calculations discussed are as
follows: It is assumed that the fluid is continuous, that there are no chemical changes in
the fluid flow field, that the fluid is a perfect gas (i.e., it obeys the ideal gas law and its
specific heats are constants), that gravitational, magnetic, and electrical effects may be
ignored, and that the effects of viscosity are negligible (Oosthuizen & Carscallen, 1997).
Further assumptions made will be discussed in relation to the equations to which they
apply.
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Derivations of the variable area and Fanno flow equations discussed in the following
sections may be found in Compressible Fluid Flow by Oosthuizen and Carscallen.
2.2

Variable Area Flow
Air flowing through the converging-diverging portion of an abrasive blasting

nozzle can be described by variable area flow relations. Variable area flow, as the name
implies, involves flow through a duct whose cross-section is not constant along its length.
In subsonic flow, decreasing cross-sectional area results in an increase in fluid velocity,
while increasing cross-sectional area results in a decrease in fluid velocity. For
supersonic flow, the opposite is true (Oosthuizen & Carscallen, 1997). The air supplied to
an abrasive blasting nozzle from a compressor or storage tank can be modeled as starting
from stagnation, and accelerating through to a constant, subsonic speed by the time it
reaches the nozzle inlet, after which it accelerates through the converging portion of the
nozzle. In a properly designed abrasive blasting nozzle, the fluid will reach a Mach
number of one at the throat, and then as the fluid flows through the diverging portion,
will accelerate to a supersonic velocity (G. S. Settles & Garg, 1996).
For the following equations, it will be assumed that the flow is steady-state,
isentropic, and one-dimensional (i.e., properties do not vary radially or azimuthally, only
axially) for the entire length of the nozzle.

Using Equations (2.1.4) through (2.1.7), along with Equation (2.2.1), the isentropic
relations, shown below:
K
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13
the variable area flow equations of interest can be derived, and are shown below, in
Equations (2.2.2) through (2.2.5):
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Equation (2.2.2) relates the exit Mach number of a convergent-divergent nozzle to
the pressure differential across the nozzle. This relation allows for the theoretical exit air
velocity (assuming no abrasive particles are present, and that there is no nozzle extension
present) to be calculated directly given the operating pressure of the abrasive blasting
system and the ambient pressure of the environment in which it is used. Equation (2.2.3)
relates the Mach number at a point to the ratio between the cross-sectional area of that
point and the cross-sectional area at the critical point, defined as the point at which the
Mach number is exactly 1, which for the case of a supersonic nozzle is the throat.
Equation (2.2.4) comes from the isentropic flow relations (Equation (2.2.1)) and can be
used with Equation (2.2.5) to derive Equation (2.2.3).

2.3

Fanno Flow
Air flowing through the constant cross-section portion of an abrasive blasting

nozzle can be described by Fanno flow relations. Fanno flow involves steady, adiabatic
flow through a constant cross-sectional area duct for which wall friction is important
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(Oosthuizen & Carscallen, 1997). It will be assumed that no shockwaves are present in
the flow.
Equation (2.3.1), below, is the basic differential equation describing Fanno flow,
and was solved to relate the change in Mach number (M) across the length of the
constant-area portion of a nozzle.
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Since the variables are already separated, with dx and all x terms on the left, and
dM and all M terms on the right, both sides of the equation were integrated over their
respective variables. The left side could be solved straight away, but solving the righthand side required the use of two u-substitutions and yielded Equation (2.3.2) below.
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For Equation (2.3.2), M1 and M2 are the Mach numbers at the beginning and end
of the duct, respectively, γ is the specific heat ratio of the fluid, f is the Fanning friction
factor for the duct (equal to one-quarter of the Darcy Friction Factor, which may be
obtained from a Moody Chart), DH is the hydraulic diameter of the duct, and Δl is the
length of the duct (Oosthuizen & Carscallen, 1997).

Equation (2.3.2) can be modified by assuming M2 is equal to 1, causing Δl to
become l* (the length required to give a Mach number of 1). This results in Equation
(2.3.3), below.
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However, solving for the Mach number from Equations (2.3.2) or (2.3.3) is not
straightforward due to the complex dependencies on the Mach number in Equation
(2.3.2) and the unknown value of l* in Equation (2.3.3). Due to this, it is often convenient
to relate properties at one point of the duct (at which the Mach number is known) to those
in another point in the duct (at which the Mach number is not known) and then use those
properties to back solve for the Mach number at the unknown point. Equation (2.3.4),
below, provides a convenient form to do so.
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Given the Mach number at the start of the duct (calculated using the variable area
flow relations above) the Mach number at the end of the duct can be solved using
Equation (2.3.4). The process to solve is as follows: First,
[\^K∗
BC

[\^KN?
BC

is solved directly, and

is solved using Equation (2.3.3) and the known Mach number. Then,

[\^?∗
BC

is found

using Equation (2.3.4), and then used with Equation (2.3.3) to determine the Mach
number at the end of the duct, in this case, the nozzle exit, by either solving iteratively, or
using published tables of

[\^?∗
BC

values.
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2.4

Particle Flow
Satoshi Okuda and Woo Sik Choi of Doshisha University in Kyoto, Japan

derived an empirical formula for the particle velocity for particles entrained in a gas flow
through a converging-diverging nozzle (Okuda & Choi, 1978). To this end, velocity data
were collected for flow through various converging-diverging nozzles under different
particle loadings using double-flash photography. A dimensional analysis was then
conducted, using variables which were believed to be important to the particle velocity,
resulting in an empirical equation which could be fit to their experimental data by varying
certain constants. The results of which are shown below, in Equations (2.4.1) and (2.4.2)
(Okuda & Choi, 1978):
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The above empirical equations were found by Okuda and Choi to have good agreement
with their experimental results, as well as that of other researchers.
To calculate the particle velocity, ANSYS Fluent uses the Euler-Lagrange
approach. In this approach, the fluid phase is treated in an Eulerian frame of reference,
while the secondary, solid, phase is treated in a Lagrangian frame of reference. This
involves integrating a force balance on discrete particles which have been released into
the flow domain. This is done for the three cartesian coordinates, and the equation for the
x-direction is shown below, in Equation (2.4.3)
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+B =
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and
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(2.4.5)

D

(ANSYS, 2009).

2.5

Acoustics
Sound can be defined as a fluctuation in pressure, and it propagates as a wave

flowing through a medium (Hemond, 1983). This is the simplest method of quantifying
sound, as the pressures can be directly measured, but the absolute values of these
pressures can be quite small (the threshold for human hearing is 2.1x10-5 Pa), and cover a
wide range (approximately 2.1x102 Pa for a jet engine at 10 feet) (Hemond, 1983).
Because of this, it is often convenient to use decibel (dB) notation, as shown below, in
Equation (2.5.1) (Hemond, 1983).
@

wxy# z& = 20log#@K &
L

(2.5.1)

This form compares the pressure fluctuation from a given source to a reference pressure
of the threshold of human hearing at a frequency of 1000 Hz (2.1x10-5 Pa) on a
logarithmic scale. Doing so allows more convenient and manageable numbers to be used
to express the intensity of sounds than reporting the absolute pressure of the source. For
example, using decibel notation, the threshold of human hearing is 0 dB, and a jet engine
at 10 feet is approximately 140 dB (Hemond, 1983).
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2.5.1

Aeroacoustics

The noise from a fluid jet can be traced to three main sources: the surface noise
caused by shear between the moving fluid and a stationary (relative to the fluid) wall or
object, the jet noise caused by turbulent mixing within the jet, and for supersonic jets, the
noise from the formation of shockwaves. Work done by Powell states that for subsonic
jets, the acoustics are dominated by the turbulent jet noise, which manifests as a
broadband “hiss” or “roar,” while supersonic jets add to this a “whistle” of a distinct
frequency caused by the shockwave formation, which is often of higher intensity than the
broadband “hiss” (Powell, 1953). Work regarding the jet associated noise has been done
by Lighthill, with his work being focused on flows with low Mach numbers,
approximately defined as being Mach 1 or below (Lighthill, 1952). He found that the
theoretical acoustic intensity of a jet varies proportionally to the fluid velocity within the
jet to the 8th power (Lighthill, 1952). Further work has been done on supersonic jets, and
it has been found that the shock associated acoustic intensity increases with Mach
number (Kandula, 2008). This implies that the Mach number has a strong influence on
the jet associated acoustic intensity of a flow, regardless of whether the flow is subsonic
or supersonic.
ANSYS Fluent uses four main sub-models to determine acoustic intensity for a
fluid flow using the Broadband Noise Source Modeling function, which does not require
a transient solution to be solved. These are Proudman’s Formula, the Jet Noise Source
Model, the Boundary Layer Noise Source Model, and Lilly’s Equation, shown below in
Equations (2.5.2) through (2.5.19) (ANSYS, 2009).
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Proudman’s Formula is based on the work done by Lighthill, and is formulated
for isotropic turbulence in a stationary flow with a low Mach number and a high
Reynolds number using dimensional analysis (Proudman, 1952). Equation (2.5.2) below
shows Proudman’s Formula for the acoustic power of a flow:
>• >•

xU = ζ!e # &

(2.5.2)
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L
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where ζ is a model constant. This states that the acoustic power of a flow is proportional
to the eighth power of the local fluid velocity.
Next is the Jet Noise Source Model, which is based on the work of Goldstein,
which in turn is based on the work of Lighthill. It assumes axisymmetric turbulence, and
accounts for the anisotropy of turbulent jets (M. Goldstein & Rosenbaum, 1973).
Equations (2.5.3) through (2.5.15) show the calculation for the acoustic power from the
self- and shear-noise due to turbulence within the jet,
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where the intensity (in cylindrical coordinates) is given by:
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The Boundary Layer Noise Source Model accounts for the effect of turbulent flow
in the boundary layer flow over a surface on the far-field sound (ANSYS, 2009).
Equations (2.5.16) and (2.5.17) below show the total acoustic power emitted by a surface
xU =
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where the intensity is defined as:
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Last is Lilley’s equation. It was derived from the combination of the conservation
of mass and conservation of momentum, and in this case, omits the viscous terms
(ANSYS, 2009; M. E. Goldstein, 2001). It can be written as shown in Equations (2.5.18)
and (2.5.19) below,
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Lilley’s equation accounts for noise produced by flow turbulence and entropy (and
frictional effects, if the viscous terms are included), and since it is derived from the
conservation equations, involves no simplifications (Delfs, 2017). ANSYS Fluent allows
Lilley’s equation to be solved for steady flows by stochastically generating the
fluctuating velocity components (using the Stochastic Noise Generation and Radiation
(SNGR) method) (Albarracin et al., 2012; ANSYS, 2009).
2.5.2

Room Acoustics

In designing enclosed spaces in which sound propagation is important, reflection
of the sound waves off the enclosure walls must be accounted for. This can lead to
echoes, and in some cases, can lead to constructive or destructive interference at certain
frequencies, called room modes, in which the perceived acoustic intensity of these
frequencies is either magnified or diminished at certain locations throughout the room.
When designing an anechoic chamber, it is important to consider how the room
dimensions affect the spacing of room modes. The regular spacing of modes is important
because this helps reduce perceived distortion of sounds by distributing modes instead of
concentrating them around certain frequencies, leading to a smoother frequency response
(Bolt, 1946). A graphical method of choosing room dimensions for rectangular spaces to
encourage regular modal spacing is shown below, in Figure 5, and commonly referred to
as the “Bolt Blob.”
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Figure 5 - Plot showing region of room proportions which yield the most regular distribution of modes at
low frequencies (Bolt, 1946)

In use, the ratios of the room dimensions are compared to the leftmost plot of Figure 5
with the goal being to have the room dimensions fall within the unshaded area. The
rightmost plot can then be used to determine the frequency range of validity for the room
based on its volume in cubic feet. For example, a room whose dimensions are 11 feet by
17.6 feet by 22 feet would have an X value of 1.6 and a Y value of 2, the intersection of
which lies in the unshaded portion of the leftmost plot in Figure 5. From here, the room
volume in cubic feet (4,259.2) may be used to determine the frequency range of validity
of the enclosure, in this case approximately 35 to 105 Hertz.
While the frequency range of validity given by the Bolt Blob is narrow, it has
been found that higher frequencies do not show as strong of a dependency on room
parameters when it comes to modal spacing (Schroeder & Kuttruff, 1962). The cutoff
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between frequencies which show a strong dependance on room parameters, and those that
do not is known as the Transition, or Schroeder, Frequency (fc). The Schroeder frequency
can be calculated using the room volume (in cubic meters) and the reverberation time, as
shown in Equations (2.5.20) and (2.5.21), below (Jordan, 1985).
l = 2000#

H³L K

(2.5.20)

´

(2.5.21)

´

&?

The reverberation time is given as:
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where V is the volume, s is the surface area, and α is the absorption coefficient of a
material. Combining Equations (2.5.20) and (2.5.21) results in Equation (2.5.22) for the
Schroeder Frequency, which is dependent only on the surface area and the absorption
coefficient of the room surfaces.
l = 2000#

e.1g1 K
¶

&?

(2.5.22)

The sound absorption coefficient is the ratio of the sound energy absorbed by a material
to the total sound energy that reached the surface, and can be obtained experimentally, or
from tables available from manufacturers or in engineering handbooks.
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3. METHODOLOGY

3.1

Desired Design Characteristics
While the reduction of acoustic intensity of abrasive blasting nozzles was the

primary objective, there were a few other goals and requirements that needed to be
considered as well. For one, the extension length could not be so great that it made the
nozzle unwieldy. Working with Oceanit, it was determined that the maximum nozzle
extension length that would be investigated would be 5.20 inches long, and that the
baseline nozzle used would be a No. 6 venturi. Two nozzle extension lengths were
deemed of particular importance by Oceanit, these being 2.56 inches and 5.20 inches. In
addition, it was desirable to maintain blasting efficiency, defined here as material
removal rate, which has been found to be proportional to between the square and the cube
of the particle velocity (Finnie et al., 1967; Ghenaiet, 2015; Hutchings et al., 1976; Ruff
& Wiederhorn, 1979). This necessitated that the particle velocity could not be
significantly reduced by any changes to the nozzle geometry. Finally, the nozzle
operating conditions were given as follows: relative operating pressure of 376 kPa,
absolute ambient pressure of 101 kPa, and 30-60 grit size garnet media (250- to 600micron diameter) as the abrasive media.
The ideal modified nozzle, therefore, would have an extension length of no more
than 5.2 inches, not cause a significant drop in particle velocity, and a cause decrease in
the fluid velocity, yielding reduced acoustic intensity.
3.2

Preliminary Calculations
Analytic predictions of the fluid and particle exit velocities were done before

conducting simulations or experiments to provide a baseline comparison with which to
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compare them to. The fluid velocity at the nozzle exit was calculated using the variable
area and Fanno flow velocity relations presented in Equations (2.2.2), (2.3.3), and (2.3.4).
The media velocity at the nozzle exit was estimated using Equation (2.4.2). Calculations
were made for a standard No. 7 venturi nozzle with G-40 steel grit as the blast media (this
combination has available fluid and media velocity data, allowing it to be used as a
baseline), a standard No. 6 venturi nozzle having a nozzle extension varying from 0 to 5
inches by 0.25 inch increments with 30-60 grit garnet as the blast media, a standard No. 6
venturi nozzle having a nozzle extension length of 2.56 inches with 30-60 grit garnet as
the blast media, a standard No. 6 venturi nozzle having a nozzle extension length of 5.20
inches with 30-60 grit garnet as the blast media, and 1/3 scale versions of all of the
previously mentioned No. 6 nozzle derivatives, with 100 grit garnet as the blast media.
3.3

Computational Fluid Dynamics (CFD) Analysis
CFD analysis was conducted using ANSYS Fluent version 2019 R2. The

methodology used was to begin by simulating a well-studied case of two phase nozzle
flow, using it to refine the mesh and settings by comparing the simulated results to
published experimental data, and then transfer those settings over to the nozzles of
interest (Bowman, 2007). The case chosen as the initial case study was a No. 7 venturi
using G-40 steel grit, as data for the fluid and blast media velocity are available (Gary S.
Settles & Geppert, 1996). Once the simulated results were in approximate agreement with
the published results and a mesh refinement study was completed to establish mesh
independence for the simulations, the mesh and settings used were then applied to the
nozzles of interest (No. 6 Venturi with varying extension lengths). Steady-state analysis
was chosen for all simulations, as the goal was to investigate the change in overall
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amplitude with changing geometry, so frequency data was not deemed necessary. This
choice also reduced computational expense, and sped up the simulation time, which was
important as more than 80 simulations were run.
The nozzle extension length was varied from 0 to 5 inches, in quarter-inch
increments, as well as an extension length of 2.56 inches, and an extension length of 5.2
inches, at the request of Oceanit. A 10 diameter long, constant cross-section entry length
was added to the front of each nozzle in order to ensure that the flow was fully developed
before entering the nozzle (Çengel & Cimbala, 2004). At the end of the nozzle, a 16-inch
diameter sphere was added to serve as the outlet, with the interior of the sphere
representing the ambient air which the nozzle discharges into. A sphere was chosen
because it eliminated sharp corners in the outlet, which were found to lead to errors
during simulation. An example of the geometry in use is shown below, in Figure 6.

Figure 6 - Simulation geometry, with 10 diameter entry length on left, nozzle in center, and spherical outlet
on right

At the request of Oceanit, the pressure inlet was set at 477,325 Pa (absolute), while the
pressure outlet was set to 101,325 Pa (absolute) with a backflow turbulent intensity of 0

27
percent for all simulations for the No. 6 venturi nozzle and its derivatives. Further
information about the boundary conditions and general settings used, as well as the mesh,
may be found in Appendix C.
Each of these nozzle iterations was simulated three times, once with air only, once
with blast media and no feedback between the blast media and the fluid (interaction not
enabled in ANSYS Fluent discrete phase modeling, providing independent calculation of
the fluid and blast media velocities), and once with blast media and feedback between the
blast media and the fluid (interaction enabled in ANSYS Fluent discrete phase modeling,
providing coupled calculation of the fluid and blast media velocities). The air only
simulations could then be compared to the calculated fluid velocity at points of interest
(the nozzle throat, the end of the diverging portion of the nozzle, and the nozzle exit) to
determine if the settings and mesh determined from the case study were a good fit for the
nozzles of interest. From here, the simulations were re-run, this time with blast media
added. The decision to simulate with and without feedback between the blast media and
the fluid was made so that a comparison between the fluid velocity calculations and the
simulations without feedback could be made, as a final check that the settings and mesh
chosen were a good fit for the nozzles of interest.
Finally, simulations were conducted for the nozzles which would be physically
tested. These nozzles were only simulated twice, both times with blast media, once with
feedback between the blast media and fluid, and once without feedback between the blast
media and fluid. The simulation without feedback between the blast media and the fluid
was compared to the hand calculations conducted for the 1/3 scale nozzles, to ensure that
the settings and mesh were a good fit for the nozzles being simulated, while the
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simulations with feedback allowed for direct comparison between the simulated results
and experimental results. By comparing the simulated (with feedback between the blast
media and fluid) acoustic results to the acoustic results of the experiments, it was hoped
that the general trend of the acoustic results would be similar, lending weight to the
accuracy of the simulations in predicting trends in acoustic intensity for changes to the
nozzle extension.
Postprocessing of the simulations was conducted as follows. First, the nozzle
body was separated from the entry length using the Iso-clip function. This was done so
that the surface acoustic intensity could be analyzed over just the nozzle body, since
those two entities had not been separated during meshing. Next, three planes were
created, the midplane (splitting the nozzle in half along its length), the exit plane
(perpendicular to the nozzle’s axis and even with the nozzle outlet), and a plane at 90
percent of the nozzle’s length (also perpendicular to the nozzle’s axis). After these were
created, 5 points were created in the outlet domain, at which the acoustic intensity could
be analyzed. These points were located at 1 inch, 1.5 inches, 2 inches, 2.5 inches, and 3
inches from the nozzle exit on the centerline (in the case of the 1/3-scale simulations, the
points were located at 0.333 inches, 0.5 inches, 0.667 inches, 0.833 inches, and 1 inch
from the nozzle exit on the centerline). From here, data could be collected. The fluid
velocities and acoustic intensities were collected using the “Area-Weighted Average”
option under the “Surface Integrals” feature for the property in question at the relevant
locations. The media velocities were calculated across the nozzle exit plane using the
“Sample” tab under the “Discrete Phase” option of “Reports.”
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3.4

Experiments
Physical testing was conducted in 1/3 scale in an anechoic chamber, with

measurements taken using a PCB Piezotronics 377B02 precision condenser microphone
(frequency range of 3.15 to 20,000 Hz) with a 426E01 microphone preamplifier
connected to a Tektronix DPO 4032 Digital Phosphor Oscilloscope. The operating
(gauge) pressure of the blasting nozzle was 376 kPa with 100 grit size (approximately 1/3
diameter of 30-60 grit size) garnet media as the abrasive media. Data was collected at a
sampling rate of 50,000 Hz.
The choice to use 1/3 scale nozzles (and therefore blast media) was made based
upon available compressed air capacity. The recommended compressed air supply, in
CFM, for a standard No. 6 venturi nozzle operating at the operating pressure specified
above is 116 CFM, while the available air capacity was only 60 CFM, precluding the
possibility of conducting in-house full-scale testing (Marco Company, 2019). When
conducting scale tests, it is desirable to maintain complete dynamic similarity between
the scale-model being tested and the actual flow of interest. For flows in which
compressibility effects are significant, complete dynamic similarity consists of both
Reynolds and Mach number similarity, in which the Reynolds and Mach numbers for the
scale models should be exactly equal to those of the actual flow situation (White, 2009).
However, to maintain both in the situation of interest would be impractical, since
maintaining Mach number similarity requires that the fluid velocity and local speed of
sound, which depend on the temperature, remain the same for both flows, while
maintaining Reynolds number similarity would require a change in the velocity, density,
or dynamic viscosity. Since the velocity cannot be varied if Mach number similarity is to
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be maintained, that leaves either the density or the dynamic viscosity, which depend on
temperature, meaning that they cannot be varied without changing the working fluid
(since local speed of sound, in the Mach number, also varies based on temperature).
Changing the working fluid was deemed impractical, so it was decided to maintain Mach
similarity only, since acoustic power level is strongly dependent upon the fluid velocity,
as shown above in the acoustic theory section. The decision to use partial dynamic
similarity is not uncommon in the field of compressible flow, often being applied when
testing aircraft prototypes, as testing full scale models is expensive and often impractical
at early stages of design (Banazadeh & Hajipouzadeh, 2019). Since only Mach number
similarity was maintained, the results of the tests could not be applied directly to the fullscale nozzle but were instead used to establish general trends for how geometry changes
affected the acoustic power level of the nozzle.
The scale nozzles were constructed in two pieces, a scale No. 6 venturi nozzle,
and a threaded straight extension, as shown below in Figure 7 and Figure 8, both made
from 4140 steel.
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Figure 7 - 1/3 Scale No. 6 venturi nozzle (right) with extensions (left)
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Figure 8 - Schematic of 1/3-scale experimental nozzle (top) and extension (bottom), dimensions in inches

Constructing the nozzles in two pieces offered a few advantages over one-piece
construction. First, fabrication was simplified, saving both time and money. Second, it
allowed for one portion of the nozzle to be swapped out to account for wear as opposed
to scrapping an entire nozzle due to wear in only one portion. 4140 steel was chosen for
the material because it offered a good balance between machinability, cost, and
durability. Commercial abrasive blasting nozzles are generally made of, or coated with, a
ceramic material which is very hard and wear resistant (Gary S. Settles & Geppert, 1996).
Since the nozzles would only be used for a relatively short period of time to conduct the
tests, it was decided that a less durable material would be acceptable, and that wear
would be compensated for by replacing the worn area of the nozzle. Due to cost and time
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limitations, it was decided to only test five different extension lengths, those being 0
inches (standard No. 6 venturi), 1.50 inches, 2.56 inches, 3.50 inches, and 5.20 inches, all
in 1/3 scale (i.e., 1/3-scale versions of nozzles with the listed lengths).
The nozzle was then connected to a commercially produced siphon-feed blasting
gun, replacing the ceramic nozzle which comes standard on it with a piece of straight
steel pipe bored out to the nozzle inlet diameter to replicate the 10-diameter entry length
used in the ANSYS Fluent simulations. The assembled siphon-feed blasting setup is
shown in Figure 9.

Figure 9 – Assembled siphon-feed blasting setup, with nozzle and extension at left, the entry length pipe in
the center, and the commercial blasting gun at right

Due to the extra length from the new nozzle added, siphon-feeding was found to be
unreliable, often not having any media flow at all. Because of this, a gravity feed hopper
was added to the gun by replacing the siphon hose (the black hose on the bottom of the
gun in Figure 9) with a vinyl tube connected to a plastic media hopper mounted above the
gun and flipping the gun upside-down in use. This setup is shown below, in Figure 10.
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Figure 10 - Blasting gun with gravity feed setup

This resulted in a reliable feeding of the blast media, so long as the hopper was kept
reasonably full.
The anechoic chamber was constructed from 23/32-inch sheathing plywood and
lined with 3-inch-thick Owens-Corning Thermafiber mineral wool insulation and had
interior dimensions (after insulating) of 88 inches long, 56 inches tall, and 40 inches
wide. A schematic of the chamber is shown below, in Figure 11, and photographs of the
completed chamber are shown in Figure 12.
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Figure 11 - Schematic side view of anechoic chamber
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Figure 12 - Anechoic chamber exterior with media blaster (top), downstream interior (bottom left), and
view through access panel showing the nozzle stand and microphone (bottom right)

The anechoic chamber was designed with the following considerations in mind.
First, it needed to be large enough to fit the experimental apparatus comfortably, as well
as being large enough to allow for the flow to fully develop and dissipate without hitting
the enclosure walls. This was done to ensure that any data collected was solely for the
flow, and not for any collisions between the particles and the enclosure. Second, the
proportions of the enclosure were chosen such that low frequency modes would be
evenly distributed, leading to smoother low-frequency response. This was achieved using
the Figure 5. Using Equation (2.5.22) with a chamber surface area of 13.79 m2 and an α
of .9, the Schroeder frequency of the anechoic chamber used is 228 Hz, while Figure 5
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shows that the room proportions chosen (X=1.4 and Y=2.2, with an enclosure volume of
114.07 ft3) account for low frequencies up to about 150 Hz. Ideally there would be no gap
between the upper limit from Figure 5 and the Schroeder frequency to ensure the regular
distribution of modes across the entire spectrum, however the gap seen here is relatively
small (78 Hz), and jet noise tends to manifest in the higher frequency range, above the
Schroeder frequency (Powell, 1953). Additionally, the chamber had to be large enough to
fit the necessary experimental apparatus, namely the nozzle and the microphone, as well
as necessary fixtures to hold them. Separate fixtures were chosen to isolate any vibrations
caused by the nozzle operation from the microphone. Another consideration was the need
to contain the blast media, while still maintaining atmospheric pressure within the
anechoic chamber. Sealing the chamber would have contained the blast media but would
not have maintained atmospheric pressure in the box, leading to a changing pressure
differential across the nozzle and a drop in fluid velocity over time. On the other hand,
leaving a large opening in the box for pressure to vent could have allowed blast media to
escape, which was not desirable. To prevent both issues, the chamber was designed such
that air could vent through a trap at the rear of the chamber, flowing around the first
partial wall, then through the space between the walls and around the second partial wall
through a 12- by 40-inch mesh sieve sized to prevent any media from passing through.
Finally, 12-inch square access panels were cut on either side of the enclosure to allow
access to the nozzle and microphone to adjust placement and nozzle extension length.
These panels could also be replaced by clear plexiglass windows to allow viewing of the
nozzle and flow, if desired.
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During testing, the microphone placement was varied radially from 5 to 13 inches
in 2-inch increments, keeping the microphone pointed downstream, even with the end of
the nozzle. At each location, all five extension lengths were tested, both with blast media
and with air only, and 100,000 data points were collected at 50 kHz after letting the
nozzle reach operating conditions (i.e., data was not collected during start-up, just during
steady-state operation).
Finally, high-speed video was taken of the blast media as it left the nozzles to
conduct particle tracking velocimetry (PTV). A Photron FASTCAM APX-RS highspeed camera was used at a frame rate of 250,000 frames per second with a resolution of
128 by 16 pixels, with two Lowel DP spotlights for lighting. The set-up used during
filming is shown below, in Figure 13.

Figure 13 - Experimental set-up for high-speed camera footage

The filming process was as follows. Initially, the nozzle was setup and the camera
positioned roughly positioned. A recording was then taken when the nozzle was in
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operation, which was then used to determine what changes to the camera’s position and
focus were needed to capture the blast media as it exited the nozzle, roughly at the
nozzle’s centerline. Once the proper position and focus were found, a recording was
taken during steady-state operation of the nozzle and saved. Then, a steel rule with 1/32inch graduations was placed in the field of view and a single frame saved to determine
the distance which each pixel represented. This process was repeated for each nozzle
extension length tested.
PTV involves tracking individual particles and determining their average
velocities over a distance (Lagrangian approach), in contrast to Particle Image
Velocimetry (PIV), which tracks the instantaneous velocity of all the particles which pass
a certain point (Eulerian approach). PTV is a better choice when particle density is low
and the frame rate is high enough that individual particles can be identified and tracked.
Because the particle density in the field of view at 250,000 frames per second was low,
PTV was chosen as the analysis method. To analyze the particle velocities, PTV was
conducted by hand, choosing at least five particles throughout the filming duration that
would be averaged to find an average media velocity. Preference was given to particles
which started at or near the start of the field of view which then continued to travel
straight, or nearly straight, across the field of view (i.e., particles which travelled from
top to bottom of the field of view would not be included, as the nozzle was located to the
right of the camera).
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4. RESULTS AND DISCUSSION

4.1

No. 7 Venturi
Fluid and blast media velocities of a standard No. 7 venturi nozzle with G-40 steel

grit as the blast media operating with a pressure of 100 psi and an air mass flow rate of
0.18 kg/sec have been previously published by Gary Settles and Stephen Geppert when
investigating the productivity of current abrasive blasting nozzles. Using computer
simulations and streak velocimetry, they determined the one-dimensional fluid velocity at
the nozzle exit to be approximately 540 meters per second, and the blast media velocity
38 millimeters beyond the nozzle exit to be 133 +/- 15 meters per second, respectively
(Gary S. Settles & Geppert, 1996). From the ANSYS Fluent simulations conducted, the
average fluid velocity at the exit was found to be 531.46 meters per second when
simulated without feedback, and 447.19 meters per second when simulated with
feedback. The fluid velocities from the simulations, as well as the analytic prediction for
the fluid velocity through the nozzle, are plotted along the nozzle centerline below, in
Figure 14, where X is the axial dimension of the nozzle.
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Figure 14 – Centerline fluid velocities for No. 7 venturi nozzle, where X is the axial dimension of the nozzle

Looking at Figure 14, it can be seen that the velocity profile from the simulation without
feedback is a very close match to the analytic prediction, as expected, while the velocity
profile from the simulation with feedback tends to fall below the analytic prediction. This
is due to the simulation with feedback accounting for the effect of the transfer of energy
and momentum to the blast media on the fluid velocity, resulting in lower fluid velocities
than would occur if no blast media were present.
Looking next at the media velocities, when simulated with feedback, the average
media velocity 38 millimeters from the nozzle exit was found to be 94.38 meters per
second, and when simulated without feedback, it was found to be 114.70 meters per
second, very near to the lower end of the media velocity range given by Settles and
Geppert.
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4.2

Full-Scale No. 6 Venturi Nozzles
Moving on to the full-scale No. 6 venturi simulations, the theoretical (obtained

from Equations (2.2.2), (2.3.3), and (2.3.4)) and simulated one-dimensional fluid exit
velocities are shown below, in Figure 15.

Figure 15 - Fluid exit velocity in meters per second as a function of nozzle extension length in inches for
the full-scale nozzles

The simulated values tend to fall well below the calculated values for the fluid exit
velocity, sometimes by as much as 50 percent. This is due to the presence of shockwaves
at or near the nozzle exit. Looking at Figure 16, below, a shock diamond is present across
the nozzle exit, causing a low-velocity zone over which the average exit velocity was
taken.
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Figure 16 - Velocity magnitude plotted on the nozzle midplane, for a No. 6 venturi nozzle with a 0.50-inch
extension, simulated without feedback, focusing on the nozzle exit

Because of this, it was decided to examine the fluid velocity inside the nozzle, just before
the exit, to ascertain whether the discrepancy between the simulated and calculated
values was a local phenomenon particular to the exit, or if this discrepancy persisted
throughout the nozzle. The location chosen was at 90 percent of the total nozzle length
(with the nozzle length defined as being the length from the beginning of the converging
portion to the end of the extension), as this was close enough to the exit to provide an
idea of how the nozzle exit was behaving, but far enough from the exit that effects from
shock diamonds at the nozzle exit should be minimized. The simulated values, as well as
the calculated fluid velocity, at 90 percent of the nozzle length, are shown below, in
Figure 17.
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Figure 17 - Fluid velocity 90 percent of the way through the nozzle in meters per second as a function of
nozzle extension length in inches for the full-scale nozzles

This time, the simulated values agree much better with the calculated values, implying
that the discrepancy was indeed a local phenomenon. The simulations without feedback
were a closer match to the theoretical values than those with feedback, which is expected,
since the simulations without feedback do not account for the momentum transferred
from the fluid to the blast media in accelerating the blast media. It is interesting to note
that for the simulations with feedback, the fluid velocity appears to begin to decrease at a
slower rate after about the 2.56-inch extension length, approaching a plateau around a
Mach number of 1. This implies that the addition of abrasive media results in choked
flow at shorter nozzle extension lengths than for a flow with just air, represented by the
theoretical predictions and the simulation without feedback.
Figure 18 and Figure 19 show the simulated air velocity magnitude plotted on the
nozzle midplane for a standard No. 6 venturi nozzle, a No. 6 venturi nozzle with a 2.56-
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inch extension, and a No. 6 venturi nozzle with a 5.20-inch extension, with and without
feedback, respectively.
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Figure 18 - Velocity magnitude plotted on the nozzle midplane for simulations with feedback, with a
standard No. 6 venturi (top), a No. 6 venturi with a 2.56-inch nozzle extension (center), and a No. 6 venturi
with a 5.20-inch extension (bottom)
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Figure 19 - Velocity magnitude plotted on the nozzle midplane for simulations without feedback, with a
standard No. 6 venturi (top), a No. 6 venturi with a 2.56-inch nozzle extension (center), and a No. 6 venturi
with a 5.20-inch extension (bottom)

Looking first at Figure 18, as the nozzle extension length is increased, the visible
Mach diamonds at the nozzle exit begin to disappear as the flow becomes choked. After
the flow is choked, the jet structure continues to change, with the velocity profile of the
jet core becoming more uniform with increasing extension length. Figure 19 shows Mach
diamonds visible at the nozzle exit for all three nozzles, as would be expected since the
flows were not choked. The location of the initial Mach diamonds near the nozzle exit
seen in Figure 19 vary with nozzle extension length, with longer nozzle extension lengths
having the initial Mach diamond occurring closer to the nozzle exit.
Next, the simulated media velocities were compared to the calculated media
velocities obtained using Equation (2.4.2) above. These values are shown below, in
Figure 20.
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Figure 20 - Blast media exit velocity in meters per second as a function of nozzle extension length in inches
for the full-scale nozzles

The simulations without feedback more closely match the analytical values from
Equation (2.4.2) than the simulations with feedback. For the simulations with feedback,
the media velocity appears to plateau starting around the 2.56-inch extension length, the
same point at which the air velocity changed slope and began to plateau in Figure 17.
This is likely caused by the presence of choked flow in the longer nozzle extension
lengths.
Data for both surface and jet associated acoustic intensity were extracted from the
Fluent simulations. The total surface acoustic intensity over the nozzle wall for the
simulations with and without feedback are shown below, in Figure 21.
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Figure 21- Surface acoustic intensity in decibels as a function of nozzle extension length in inches for the
full-scale nozzles

The general trend for both sets of simulations is that the surface noise tended to increase
with increased nozzle extension length. While it may be expected, based on the work of
Lighthill and others, that the acoustic intensity should decrease with increased nozzle
length due to decreasing fluid velocity, the surface acoustic intensity should increase
because the nozzle extensions add additional surface area for shear associated noise to be
produced. While both the simulations with and without feedback tend to increase with
increasing nozzle extension length, it is worth noting that the rate of increase for the
surface acoustic intensity slows after about the 2.56-inch nozzle extension. Next, the jet
associated acoustic intensity for each simulation is shown below, in Figure 22.

52

Figure 22 - Jet associated acoustic intensity in decibels as a function of nozzle extension length in inches
for the full-scale nozzles

For the jet associated acoustic intensity, the trend is that as the nozzle extension length
increases, the acoustic intensity decreases for the simulations with feedback. This is as
expected, as the longer nozzle extension should produce lower fluid velocities, which
would lead to lower acoustic intensities due to the jet noise. It is interesting, however,
that even though the fluid velocities plateau after a 2.56-inch nozzle extension, that the jet
associated acoustic intensity does not show the same tendency. One would expect that if
the fluid velocity plateaued, that the jet associated acoustic intensity would also plateau,
since the acoustic intensity is a strong function of the fluid velocity. This discrepancy
could possibly be due to changes in the jet structure seen in Figure 18 as the nozzle
extension length increased, but could also be due to some other, unknown, cause.
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4.3

One-Third Scale No. 6 Venturi Nozzles
For the 1/3-scale nozzles, simulations were only run for the nozzle lengths which

would be physically tested. Figure 23 shows the simulated fluid velocities at the nozzle
exit compared with the theoretical air velocities (obtained from Equations (2.2.2), (2.3.3),
and (2.3.4)) for the nozzles. It should be noted that the nozzle extension lengths listed for
all the 1/3-scale simulations are the lengths of the full-size extensions (e.g., a 1/3-scale
1.5-inch nozzle extension would refer to a 1/3-scale version of a standard No. 6 venturi
nozzle with a 1.5-inch extension).

Figure 23 - Fluid exit velocity in meters per second as a function of nozzle extension length in inches for
the 1/3-scale nozzles

Here again, as with the full-size nozzle simulations, the fluid velocities at the nozzle exit
are significantly lower than the calculated velocities. The fluid velocities were once again
collected at 90 percent of the total nozzle length and compared to the calculated fluid
velocities at 90 percent of the nozzle length. The data are shown below, in Figure 24.
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Figure 24 - Fluid velocity 90 percent of the way through the nozzle in meters per second as a function of
nozzle extension length in inches for the 1/3-scale nozzles

This resulted in much better agreement between the simulated and calculated fluid
velocities, particularly between the simulation without feedback and the calculated
values, just as it did for the full-scale nozzles. Looking at the data for the simulations
with feedback, the air velocities again appear to begin to plateau to near a Mach number
of 1 after the 2.56-inch nozzle extension length, just as they did for the full-scale nozzles,
again implying that the addition of the blast media results in choked flow for nozzle
extension lengths shorter than would be required if blast media were not present. Just as
with the full-scale simulations, when feedback was enabled, the fluid velocity dropped
enough that shock diamonds at the nozzle exit became much more difficult to identify,
sometimes disappearing completely. Looking at the development of the flow profile, the
centerline velocities from the simulations and the analytic predictions can be compared,
and are seen below, in Figure 25, Figure 26, and Figure 27, for the standard No. 6
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venturi, as well as No. 6 venturi nozzles with a 2.56- and 5.20-inch nozzle extension
lengths, respectively.

Figure 25 – Centerline fluid velocities for Standard No. 6 venturi nozzle, where X is the axial dimension of
the nozzle
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Figure 26 – Centerline fluid velocities for No. 6 venturi nozzle with 2.56-inch nozzle extension length,
where X is the axial dimension of the nozzle

Figure 27 – Centerline fluid velocities for No. 6 venturi nozzle with 5.20-inch nozzle extension length,
where X is the axial dimension of the nozzle
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As expected, the velocity profile from the simulations without feedback match the
analytic predictions very well, while the velocity profile from the simulations with
feedback tend to fall below the analytic prediction, due to the simulations accounting for
the effect of the transfer of energy and momentum to the blast media on the fluid
velocity. The sharp drop in Mach number near the nozzle exit for the simulations without
feedback is caused by the presence of shockwaves at the nozzle exit.
Next, the simulated media velocities were compared to the calculated media
velocities obtained using Equation (2.4.2) and the experimental media velocities obtained
using Particle Tracking Velocimetry. These values are shown below, in Figure 28.

Figure 28 - Blast media exit velocity in meters per second as a function of nozzle extension length in inches
for the 1/3-scale nozzles

The simulations without feedback were in better agreement with the calculated media
velocities, just as with the full-scale nozzle simulations. When looking at the simulations
with feedback, the media velocities again appear to plateau after about the 2.56-inch
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extension length, just as the fluid velocities did. These values can be compared with those
obtained from PTV conducted on the high-speed video of the experiments. The PTV
results match the simulated results (with feedback) well in terms of magnitude, but not as
well for the trend, with the PTV results peaking around the 1.5-inch nozzle extension
length and then decreasing, rather than plateauing as seen for the simulations with
feedback. When looking at the recordings from the longer nozzle extensions, it was
noticed that many of the particles seemed to be traveling diagonally across the field of
view, and that there seemed to be fewer particles crossing the field of view than for the 0and 1.50-inch extensions. This could be caused by recording outside of steady state
operation of the nozzle (e.g., during initial acceleration or final deceleration of the
media), or due to improper positioning of the camera relative to the nozzle exit. Due to
the relatively small field of view (approximately 0.028 inches tall by .222 inches long),
positioning the camera relative to the nozzle exit was difficult, so it is possible that what
was thought to be the center of the flow at the nozzle exit was the lower edge of the flow,
or was farther from the nozzle exit than desired. Both possibilities could explain the
lower media velocities than expected for the longer nozzle extension lengths.
Looking at the acoustic data from the simulations, the surface acoustic intensity is
shown below, in Figure 29.
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Figure 29 - Surface acoustic intensity in decibels as a function of nozzle extension length in inches for the
1/3-scale nozzles

Just as with the full-size simulations, the surface acoustic intensity tends to increase as
the nozzle extension length increases, likely for the same reasons, and the simulations
with feedback show the same trend where the rate of increase of the surface acoustic
intensity begins to slow down after about the 2.56-inch nozzle extension. Next, the jet
associated acoustic intensity is shown in Figure 30, below.
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Figure 30 - Jet associated acoustic intensity in decibels as a function of nozzle extension length in inches
for the 1/3-scale nozzles

For the jet associated acoustic intensity, unlike for the full-scale nozzle simulations, the
1/3-scale simulations show the acoustic intensity decreasing with increasing nozzle
extension length before beginning to plateau after the 1.5-inch or 2.56-inch nozzle
extension. Regardless of where it truly begins, the largest decrease in acoustic intensity is
obtained between the 0 and 1.5-inch nozzle extension, after which the decreases become
smaller in magnitude. This matches what would be expected based on the behavior of the
fluid velocities, since acoustic intensity of a jet is a strong function of the fluid velocity.
This data can be compared to the experimental data collected, to see if the experimental
results follow the same trends as the simulations. The measured acoustic intensity data
for the experiments in which just air was flowing through the nozzles are shown below,
in Figure 31.
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Figure 31 – Experimentally measured acoustic intensity in decibels as a function of nozzle extension length
in inches for the 1/3-scale nozzles at five radial distances from the nozzle for a nozzle with air only (no
blast media)

The general trend in the experimental data is that the acoustic intensity tends to decrease
as the nozzle extension increases, with a likely reduction in the rate of decrease
happening after about the 2.56-inch nozzle extension. The addition of blast media during
the experiment resulted in a plateau in the acoustic intensity starting at about the 2.56inch nozzle extension length, as shown in Figure 32.
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Figure 32 - Measured acoustic intensity in decibels as a function of nozzle extension length in inches for
the 1/3-scale nozzles at five radial distances from the nozzle for a nozzle with air and blast media

The trend seen in the data collected for the experiments with blast media appear to have a
similar trend to the simulations with feedback. Plotting the jet associated acoustic
intensities from the simulations with feedback against experimental results with blast
media allows for a better comparison of the trends. Looking at Figure 33, below, the
trends for the experimental results and the simulations with feedback look very similar.
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Figure 33 - Acoustic intensity in decibels as a function of nozzle extension length in inches for the 1/3-scale
nozzles, obtained by simulation (with feedback) and experiment (microphone 7 inches from nozzle exit,
radially)

This implies that, for the 1/3-scale nozzles, the Fluent simulations with feedback are
providing a similar trend in jet associated acoustic intensity as a function of nozzle length
that the experiments did, even if the relative magnitudes of the acoustic intensities differ
(this difference is likely due to the microphone being placed a distance from the nozzle
during the experiments, while the data collected from the simulations came from the
within the fluid jet).
The experimental acoustic data collected was also run through a fast Fourier
transform (FFT) spectrum analyzer to see whether there were any frequencies that were
more dominant than others in the noise produced by the nozzles. Figure 34, below, shows
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the FFT spectrum response for data collected from experiments using air only, with the
microphone placed at a radial distance of seven inches from the nozzle outlet.

Figure 34 - FFT spectrum analysis results for 1/3 scale nozzles with 0-inch (top), 2.56-inch (center), and
5.20-inch (bottom) nozzle extension lengths, without blast media (air only), microphone placed 7 inches
radially from the nozzle exit

For the experiments without abrasive, the shorter nozzle extensions (0 and 2.56 inches)
each had a frequency which had a significantly higher amplitude than the rest of the
spectrum. These frequencies are likely the “whistle” caused by the formation of
shockwaves mentioned by Powell (Powell, 1953). Looking next at the experiments run
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with the addition of blast media, Figure 35, below, shows the FFT spectrum response for
data collected with the microphone placed at a radial distance of seven inches from the
nozzle outlet.

Figure 35 - FFT spectrum analysis results for 1/3 scale nozzles with 0-inch (top), 2.56-inch (center), and
5.20-inch (bottom) nozzle extension lengths, with blast media, microphone placed 7 inches radially from
the nozzle exit

Overall, the frequency spectrum was fairly flat when blast media was added to the flow.
This change makes sense based on what was seen with the simulations, as the addition of
blast media resulted in shock diamonds becoming less identifiable or disappearing
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completely in the simulations, so it would be expected that the “whistle” associated with
shockwave formation would be eliminated during the experiments by the addition of blast
media. This provides further evidence that the addition of blast media is causing the flow
to become choked for nozzle extension lengths shorter than would be required if blast
media were not present. Another implication is that the use of transient analysis when
conducting the ANSYS Fluent simulations likely would not have gained much when
looking at the simulations with feedback, as for the operating conditions investigated, the
frequency response from the nozzle appears to be broadband in nature.
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5. CONCLUSIONS

It was found that simulations with feedback between the blast media and the fluid
conducted using ANSYS Fluent provided similar trends for the relationship between
nozzle extension length and jet associated acoustic intensity as the experiments yielded.
This lends weight to the notion that CFD simulations could be used to predict how
geometric design changes to abrasive blasting nozzles would affect the jet associated
acoustic intensity. In addition, trends for the fluid and media velocities as a function of
the nozzle extension length were the same for both the 1/3-scale nozzles and the fullscale nozzles. Looking at the trends in acoustics, the surface acoustic intensity had the
same trend for both the 1/3-scale and full-scale simulations, but the jet associated
acoustic intensity trends differed between the two. For the 1/3-scale nozzle simulations
with feedback, the jet associated acoustic intensity began to plateau after about the 2.56inch nozzle extension, while for the full-scale nozzles, the jet associated acoustic
intensity did not plateau. This mismatch could be due to the inability to maintain
complete dynamic similarity between the 1/3-scale nozzles and the full-scale nozzles, due
to some physical phenomenon relating to the size of the nozzles, or possibly some other,
unknown, cause. The plateau in the simulated fluid velocity for the full-scale nozzles
seems to imply that the jet associated acoustic intensity would also plateau, though the
simulations do not show this.
While the variable area and Fanno flow relations (Equations (2.2.2), (2.3.3), and
(2.3.4)) coupled with the fact that acoustic intensity is a strong function of local fluid
velocity implies that the ideal nozzle length is as long as practical, the work done with
1/3-scale nozzles and some of the data for the full-scale nozzles suggests that after an
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extension length of about 2.56 inches, for the operating conditions investigated,
reductions in noise are diminished. Past this extension length, according to the
simulations with feedback enabled, there appears to be little change in fluid or media
velocity, and the tests and simulations done with the 1/3-scale nozzles imply that the
acoustic intensity also plateaus around there as well. This is likely because the addition of
blast media is causing the nozzles to become choked for nozzle extension lengths shorter
than would be required if blast media were not present. However, since the full-scale
simulations imply that the acoustic intensity does not plateau after a certain length, the
5.2-inch extension would be the better choice based on those simulations alone.
Therefore, it would be suggested that nozzles of this type, operating at the conditions
investigated, either use the 2.56-inch extension length (the apparent choke point), or that
they use the longest acceptable extension length.
Future work in this area could consist of full-scale experiments to collect acoustic
data which could be directly compared to the full-scale simulations, to investigate
whether the trend in acoustic intensities seen in the simulations translates to physical
nozzles. Another area of study would be to run transient simulations and investigate
whether the geometry changes affect the frequencies present in the noise produced by the
nozzle, and if so, how. Finally, it would be interesting to study how the operating
conditions affect the acoustic intensity of the nozzle as the geometry is changed.
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APPENDIX A – MESH REFINEMENT STUDY

A mesh refinement study was conducted for the initial No. 7 venturi nozzles used
as a test case to establish a mesh and settings for the ANSYS Fluent simulation. The
variable chosen for the study was fluid velocity, as the media velocity and acoustic
intensity are both calculated from the fluid velocity, and the variables of interest are the
fluid velocity, the media velocity, and the acoustic intensity. The refinement study was
conducted at two locations (the nozzle exit and 90 percent of the nozzle length), both
with feedback between the blast media and the fluid, and without. The results of the
refinement study on the No. 7 venturi simulation with feedback are shown below, in
Table 1.

Table 1 - Mesh convergence study results for No. 7 venturi simulation with feedback

It was found that running two adaptive mesh refinement iterations (see Appendix C for
mesh refinement details) resulted in a solution that changed less than one percent
compared to one adaptive refinement iteration for the fluid velocity at 90% of the nozzle
length, and just over one percent for the nozzle exit.
The results of the refinement study on the No. 7 venturi simulation with feedback
are shown below, in Table 2.
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Table 2 - Mesh convergence study results for No. 7 venturi simulation without feedback

It was found that running two adaptive mesh refinement iterations (see Appendix
C for mesh refinement details) resulted in a solution that changed less than one percent
compared to one adaptive refinement iteration for the fluid velocity at both the nozzle
exit and at 90% of the nozzle length. From these results, it was decided that one adaptive
refinement iteration would be the baseline used for the simulations of interest (i.e., the
full-scale and 1/3-scale No. 6 venturi nozzles).
A mesh refinement study was then conducted on the full-scale No. 6 venturi
nozzles to ensure that the solution reached by the simulations was as accurate as possible.
The refinement study was again conducted at two locations (the nozzle exit and 90
percent of the nozzle length) for three nozzle extension lengths (0 inches, 2.56 inches,
and 5.20 inches), both with feedback between the blast media and the fluid, and without.
The nozzle extension lengths used were chosen as they represented the two extremes, and
the midpoint of the extension lengths.
The results for the simulations with feedback can be seen below, in Table 3.
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Table 3 - Mesh convergence study results for No. 6 venturi based simulations with feedback

It was found that running two adaptive refinement iterations (see Appendix C for mesh
refinement details) resulted in a solution that changed less than 1 percent compared to
one adaptive refinement iteration for all the nozzle lengths tested at 90% of the nozzle
length, and for the exit velocity for nozzle extension lengths of 2.56 and 5.20 inches. The
exit fluid velocity for the standard No. 6 nozzle, however, does show a noticeable change
when refined again. Because of this, additional mesh refinement studies were run to
determine when the additional refinement for the simulations with feedback resulted in a
velocity change of below 5 percent. It was found that for nozzle extension lengths of 1
inch and less, that further mesh refinement was necessary, and as such, those simulations
were adaptively refined twice.
The results for the simulations without feedback can be seen below, in Table 4.
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Table 4 - Mesh convergence study results for No. 6 venturi based simulations without feedback

It was found that running two adaptive refinement iterations (see Appendix C for mesh
refinement details) resulted in a solution that changed less than 1 percent of for all the
nozzle lengths tested at 90% of the nozzle length, and within about 2 percent for the exit
velocity for all the nozzle extension lengths tested.

76
APPENDIX B – ERROR ANALYSIS

Sources of error are generally split into two groups: random errors, which may be
analyzed statistically, and systematic errors, which cannot be analyzed statistically
(Taylor, 1997). Random errors include such sources as human reaction times when
collecting data or errors introduced in interpolating data, while systematic errors include
sources such as equipment uncertainties or mis-calibrated equipment. Measured values
may be reported as shown in Equation (B.1), below:
=
where
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(B.1)

is the best estimate of x (often assumed to be the mean value) and

uncertainty of the measurement.

may be defined as shown in Equation (B.2), below:
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being equal to the

standard deviation of the mean (SDOM) of x. The SDOM is defined below, in Equation
(B.3):
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being the sample standard deviation and • being the number of samples

collected. For quantities which are calculated from multiple variables, each with their
own uncertainties, it is necessary to account for the propagation of uncertainties in the
calculation. If x1 through xn are measured, independent variables with uncertainties
1 ,…,

which are used to calculate q, Equation (B.4) can be used to calculate the

uncertainty of q:
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APPENDIX C – ANSYS FLUENT SETTINGS

When describing the mesh settings, the diagram shown below in Figure 36 may
be referenced.

Figure 36 - Annotated geometry before meshing

In it, the various names by which certain areas of the geometry will be referred to are
labeled for the reader.
Mesh Settings – Full Size Simulation
Body Sizing:
Scoping Method:

Geometry Selection

Geometry:

Select entire domain with body selection tool

Type:

Body of Influence

Bodies of Influence:

Select cylindrical body of influence in outlet with

body selection tool
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Element Size:

0.003m

Inflation:
Scoping Method:

Geometry Selection

Geometry:

Select entire domain with body selection tool

Boundary Scoping Method: Geometry Selection
Boundary:

Select all surfaces, less the inlet and the entry length

wall, with the surface selection tool
Inflation Option:

First Layer Thickness

First Layer Height:

0.00005 m

Maximum Layers:

20

Inflation Rate:

1.2

Mesh Settings – 1/3 Scale Simulation
Body Sizing:
Scoping Method:

Geometry Selection

Geometry:

Select entire domain with body selection tool

Type:

Body of Influence

Bodies of Influence:

Select cylindrical body of influence in outlet with

body selection tool
Element Size:

0.001m

Inflation:
Scoping Method:

Geometry Selection

Geometry:

Select entire domain

Boundary Scoping Method: Geometry Selection
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Boundary:

Select all surfaces, less the inlet and the entry length

wall, with the surface selection tool
Inflation Option:

First Layer Thickness

First Layer Height:

0.0000333 m

Maximum Layers:

20

Inflation Rate:

1.2

Simulation Settings – Full Size Simulation
Setup
General
Type:

Pressure Based

Velocity Formulation:

Absolute

Time:

Steady

Energy:

“On”

Viscous:

“SST k-omega”

Discrete Phase:

“On”

Models

“Interaction with continuous phase”
(Feedback model only)
Injections:

below)

Injection Type:

Surface

Release From:

Inlet

Material:

blast-media (defined
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Inject using face normal direction:

“On”

Diameter (m):

0.0003

Temperature (K):

300

Velocity Magnitude (m/s):

0

Total Flow Rate (kg/s):

0.09021448

Turbulent Dispersion
Discrete Random Walk Model:

“On”

Number of Tries:

5

Acoustics:

Broadband Noise Sources

Materials
Inert Particle:
Name:

“blast-media”

Density (kg/m2):

Constant, 3800

Boundary Conditions:
Operating Conditions:
Operating Pressure (pascal):

0

Reference Pressure Location (m):

10,0,0

Type:

Pressure Inlet

Inlet:

Edit:
Reference Frame:

Absolute

Gauge Total Pressure (pascal):

477325

Supersonic/Initial Gauge Pressure (pascal): 467325
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Outlet:
Type:

Pressure Outlet

Backflow Reference Frame:

Absolute

Gauge Pressure (pascal):

101325

Pressure Profile Multiplier:

1

Backflow Turbulent Intensity (%):

0

Backflow Turbulent Viscosity Ratio:

10

Solution
Monitors:
Residual:
Convergence Criterion:
Initialization:
Initialization Methods:

Hybrid Initialization

“Initialize”
Run Calculation:
Time Step Method:

“Automatic”

Number of Iterations:

500

“Calculate”
Once initial 500 iterations have completed:
Adapt
Refine/Coarsen:
Cell Register:
New

Field Variable:

“none”
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Type:

Cells More Than

Derivative Option:

Gradient

Scaling Option:

Global

Field Value of:

Pressure
Static Pressure

Cells Having Value More Than:

1

Name:

pressure_gradient_1

“Compute”
“Save”
Refinement Criterion:

pressure_gradient_1

Maximum Refinement Level:

4

“Adapt”
“Ok”
Run Calculation:
Time Step Method:

“Automatic”

Number of Iterations:

500

“Calculate”
Note - This adaption process was repeated up to three times. In such cases, the
second and third refinements were run for 250 iterations, as this was enough for
the residuals to converge. In addition, for the third refinement regime, where
applicable, the “Maximum Refinement Level” was changed from “4” to “2”.
Simulation Settings – 1/3 Scale Simulation
Setup
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General
Type:

Pressure Based

Velocity Formulation:

Absolute

Time:

Steady

Energy:

“On”

Viscous:

“SST k-omega”

Discrete Phase:

“On”

Models

“Interaction with continuous phase”
(Feedback model only)
Injections:
Injection Type:

Surface

Release From:

Inlet

Material:

blast-media (defined

Inject using face normal direction:

“On”

Diameter (m):

0.0001

Temperature (K):

300

Velocity Magnitude (m/s):

0

Total Flow Rate (kg/s):

0.01002383

below)

Turbulent Dispersion
Discrete Random Walk Model:

“On”

Number of Tries:

5
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Acoustics:

Broadband Noise Sources

Materials
Inert Particle:
Name:

“blast-media”

Density (kg/m2):

Constant, 3800

Boundary Conditions:
Operating Conditions:
Operating Pressure (pascal):

0

Reference Pressure Location (m):

10,0,0

Type:

Pressure Inlet

Inlet:

Edit:
Reference Frame:

Absolute

Gauge Total Pressure (pascal):

477325

Supersonic/Initial Gauge Pressure (pascal): 467325
Outlet:

Solution

Type:

Pressure Outlet

Backflow Reference Frame:

Absolute

Gauge Pressure (pascal):

101325

Pressure Profile Multiplier:

1

Backflow Turbulent Intensity (%):

0

Backflow Turbulent Viscosity Ratio:

10
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Monitors:
Residual:
Convergence Criterion:

“none”

Initialization:
Initialization Methods:

Hybrid Initialization

“Initialize”
Run Calculation:
Time Step Method:

“Automatic”

Number of Iterations:

500

“Calculate”
Once initial 500 iterations have completed:
Adapt
Refine/Coarsen:
Cell Register:
New

Field Variable:
Type:

Cells More Than

Derivative Option:

Gradient

Scaling Option:

Global

Field Value of:

Pressure
Static Pressure

Cells Having Value More Than:

1

Name:

pressure_gradient_1

“Compute”
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“Save”
Refinement Criterion:

pressure_gradient_1

Maximum Refinement Level:

4

“Adapt”
“Ok”
Run Calculation:
Time Step Method:

“Automatic”

Number of Iterations:

500

“Calculate”
Note - This adaption process was repeated up to two times. In such cases, the
second refinement was run for 250 iterations, as this was enough for the residuals
to converge.
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APPENDIX D – MATLAB CODE FOR SOUND PRESSURE LEVEL (DB)

%.csv to .mat file
M=csvread('se_7in_50khz_abrasive_8.csv');

%replace 'filename.csv' with .csv

file to be converted
save('se_7in_50khz_abrasive_8.mat','M');

%replace 'filename.mat' with name

desired for .mat file

%.mat to .wav file
load 'se_7in_50khz_abrasive_8.mat';

%replace 'filename.mat' with .mat

file to be converted
fs=50000;
filename = 'se_7in_50khz_abrasive_8.wav';

%replace 'x' with sampling frequency used
%replace 'filename.wav' with

name desired for .wav file
audiowrite(filename,M(:,2),fs);
clear y fs

source = dsp.AudioFileReader('se_7in_50khz_abrasive_8.wav'); %replace
'filename.wav' with .wav file of interest
fs = source.SampleRate;
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scope =
dsp.TimeScope('SampleRate',fs,'TimeSpanOverrunAction','Scroll','TimeSpan',3,'ShowGri
d',true, ...
'YLimits',[20
110],'AxesScaling','Auto','ShowLegend',true,'BufferLength',4*3*fs,'ChannelNames', ...
{'Lt_AF','Leq_A','Lpeak_A','Lmax_AF'}, ...
'Name','Sound Pressure Level Meter');

SPL = splMeter('TimeWeighting','Fast', ...
'FrequencyWeighting','A-weighting', ...
'SampleRate',fs, ...
'TimeInterval',2);
%%
while ~isDone(source)
x = source();
[Lt,Leq,Lpeak,Lmax] = SPL(x);
scope([Lt,Leq,Lpeak,Lmax])
end

release(source)
release(SPL)
release(scope)
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APPENDIX E – MATLAB CODE FOR FFT SPECTRUM ANALYSIS

APPENDIX F – EXPERIMENTAL DATA

Particle Velocimetry –

Table 5 - Particle velocimetry data with uncertainties for 1/3-scale No. 6 Venturi nozzle
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Table 6 - Particle velocimetry data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 1.50-inch
nozzle extension
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Table 7 - Particle velocimetry data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 2.56-inch
nozzle extension
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Table 8 - Particle velocimetry data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 3.50-inch
nozzle extension

93
Table 9 - Particle velocimetry data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 5.20-inch
nozzle extension

Note - The uncertainties for all time and distance measurements were assumed to be
±0.000002 seconds and ±0.000022 meters, respectively. These values come from
assuming the uncertainty of the measurement is equal to ± one-half of the smallest
measurement increment available (i.e., one frame for the time measurements, and one
pixel for the distance measurements).
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Acoustics –

Table 10 - Acoustic data with uncertainties for 1/3-scale Standard No. 6 Venturi nozzle for experiments
with air only (no blast media), with the microphone placed at five radial distances from the nozzle

Table 11 - Acoustic data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 1.50-inch nozzle
extension for experiments with air only (no blast media), with the microphone placed at five radial
distances from the nozzle

Table 12 - Acoustic data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 2.56-inch nozzle
extension for experiments with air only (no blast media), with the microphone placed at five radial
distances from the nozzle
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Table 13 - Acoustic data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 3.50-inch nozzle
extension for experiments with air only (no blast media), with the microphone placed at five radial
distances from the nozzle

Table 14 - Acoustic data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 5.20-inch nozzle
extension for experiments with air only (no blast media), with the microphone placed at five radial
distances from the nozzle

Table 15 - Acoustic data with uncertainties for 1/3-scale Standard No. 6 Venturi nozzle for experiments
with blast media, with the microphone placed at five radial distances from the nozzle
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Table 16 - Acoustic data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 1.50-inch extension
length for experiments with blast media, with the microphone placed at five radial distances from the
nozzle
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Table 17- Acoustic data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 2.56-inch extension length for experiments with blast media, with the
microphone placed at five radial distances from the nozzle

Table 18- Acoustic data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 3.50-inch extension length for experiments with blast media, with the
microphone placed at five radial distances from the nozzle
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Table 19- Acoustic data with uncertainties for 1/3-scale No. 6 Venturi nozzle with 5.20-inch extension length for experiments with blast media, with the
microphone placed at five radial distances from the nozzle

Note – The systematic uncertainty of the microphone was taken to be ±0.1 dB for all individual acoustic readings (PCB Piezotronics
Inc., 2014).

